Abstract-This paper addresses the reliable synchronization problem for a general class of uncertain chaotic systems with adaptive mechanism. By combining adaptive method and linear matrix inequality (LMI) optimization technique, an adaptive reliable synchronization controller is established to guarantee synchronization between the master chaotic and slave chaotic systems even though actuator failures occur and uncertain nonlinear term exists. Finally, an illustrate example is provided to demonstrate the effectiveness of the results developed in this paper.
I. INTRODUCTION
As is well known, synchronization for chaotic systems is very important in nonlinear science. Due to its wide applicability to many practical systems such as secure communication, chemical reactions, biological systems and information processing, synchronization of chaotic systems has received a great deal of attention in many fields [1] - [2] . In [3] , a synchronization scheme for two hyperchaotic dynamical systems in the presence of unknown system parameters is proposed. In [4] , an adaptive synchronization of Chua's system with unknown input uncertainty is considered. Using backstepping approach, synchronization of uncertain chaotic systems has been studied in [5] .
On the other hand, some catastrophic faults such as an unknown actuator/sensor fault or component impairment generally occur in every complex system. When unpredictable faults occur in actuators, the control signal cannot get through to maintain the stability and performance of the closed-loop system. Thus designing a controller to tolerate faults of sensors or actuators and maintain an acceptable level of the closed-loop system stability/performance, is necessary [6] - [8] . For instance, the reliable guaranteed cost control for discrete-time systems has been proposed in [9] , and the reliable ∞ fuzzy control for continuous-time nonlinear systems was studied in [10] . In [11] , the robust reliable control design was studied for a class of nonlinear uncertain state-delayed systems. In [12] , the delay-dependent robust and reliable ∞ control for linear time-delay systems with norm-bounded time-varying parameter uncertainty has been presented.
On the other hand, synchronization of chaotic systems has great potential in secure communication applications. To maintain the communication quality, the reliability of synchronization should be taken into account. However, to our best knowledge, there is few work to design robust adaptive synchronization controllers for chaotic systems against actuator failures and nonlinear uncertainty.
Therefore, this paper contributes to the design of adaptive reliable synchronization for a class of chaotic systems with actuator failures and nonlinear uncertainty. Based on adaptive method and LMI optimization technique, a new type of synchronization controller is constructed, which can adaptively adjust controller parameters to compensate the actuator fault and nonlinear uncertainty. The synchronization for the master and slave systems can be guaranteed. Finally, a three-dimensional chaotic Chua's system is given to illustrate the effectiveness of the proposed method.
II. PROBLEM STATEMENTS AND PRELIMINARIES
Considering two chaotic systems descried in the form oḟ
and˙(
where ( ) ∈ and ( ) ∈ are the states of master systems and slave system, respectively. 1 , 2 and are known constant matrices with appropriate dimensions. is the control input subjected to actuator failure. is a known positive constant time-delay. and ( ( ), ( − ), ) ∈ is an unknown nonlinear time delay function vector.
To formulate the reliable control problem, the following actuator fault model from [13] is adopted in this paper:
and can be described by
The fault model includes the loss of effectiveness case and outage fault case.
The synchronization error ( ) is the form ( ) = ( ) − ( ). Therefore, the chaotic system (2) and (1) are synchronous if
Differentiating ( ) with respect to time, and substitution of (2) and (1) result iṅ
This paper aims at designing a robust adaptive reliable controller to synchronize the master (drive) and slave (response) chaotic systems.
The following assumptions are required to derive the main result.
Assumption 1: For ∀ ∈ and ∀ ∈ , the nonlinear term (⋅) satisfies the following global Lipschitz' condition
where > 0 is a known positive parameter.
where ∥ ⋅ ∥ denotes the Euclidean norm . The parameters 1 and 2 are unknown positive constants.
Assumption 3:
Assumption 4: In the presence of up to any − (1 ≤ ≤ − 1) actuators outage, the remaining functional actuators can still be used to implement control signals to achieve a desired control objective. All actuators are allowed to suffer from partial loss of effectiveness faults simultaneously.
According to [14] , it follows from Assumption 3 and 4 that there exists a unknown positive constant such that
Defined 0 = 1 is unknown parameter, which will be estimated by the designed adaptive law to construct the synchronization controller.
III. MAIN RESULTS
In this section, a robust adaptive synchronization controller will be proposed to render the synchronization error between the master system (1) and the slave system (2) converge to zero in the presence of actuator faults and unknown nonlinear uncertainty.
The reliable synchronization controller is constructed as follows.
where 
And the adaptive laws are designed aṡ
Hereˆ0,ˆ1 andˆ2 are the estimate values of unknown parameters 0 , 1 and 2 , respectively. and˙=
where
] , andˆ( ) are the estimation of . [15] , whose role is to project the estimatesˆ( ) to the interval [min{ }, max{¯}].
Here 0 , and are the adaptive law gains to be chosen according to practical applications. Denote˜0 =ˆ0 − ,
Before presenting the main result of the paper, denote
Δˆ= {ˆ= (ˆ1 ⋅ ⋅ ⋅ˆ) :ˆ∈ {min{ }, max{¯}}}. 
Then the robust adaptive controller described in (9) with the adaptive laws (11)- (13) can ensure that the synchronization error is globally asymptotically convergent to zero in the presence of actuator failures and unknown nonlinear uncertainty.
Proof:
The proof is omitted for brevity.
IV. SIMULATION RESULTS
In this section, an illustrative example of a threedimensional choatic Chua's circuit systems in the form of [16] is given to demonstrate the effectiveness of the proposed scheme.
The master system can be written aṡ Consider the Chua's circuit has actuator fault and nonlinear uncertainty, then chaotic slave system (2) can be written as˙( 
] .
The following faulty case is considered in the simulations, and the actuator fault does not occur until = 10 , that is, the first actuator has outage, and the second actuator is normal. Figs. 2 and 3 of the closed-loop error system using the proposed robust reliable controller and standard controller, respectively. It is easy to see that the Chua's circuit master system (15) and slave system (16) with different initial conditions using the proposed scheme are synchronous in the presence of actuator faults and nonlinear uncertainty, while the standard scheme cannot do it.
V. CONCLUSION
The reliable adaptive synchronization approach for a class of chaotic systems with actuator faults and unknown nonlinear uncertainty has been proposed. Based on adaptive method and LMI formulation, a new type of adaptive reliable synchronization controller is constructed to guarantee the synchronization between the master and slave chaotic systems. The simulation results about Chua's circuit system have confirmed the superiority of the proposed method.
